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Repetitive Elements in Mammalian Telomeres Suppress 
Bacterial DNA-Induced Immune Activation 1 



Ihsan Gursel, 2 Mayda Gursel, 2 Hiroshi Yamada, Ken J. Ishii, Fumihiko Takeshita, and 
Dennis M. Klinman 3 

Bacterial DNA contains immunostimulatory CpG motifs that trigger an innate immune response capable of promoting host survival 
following infectious challenge. Yet CpG-driven immune activation may also have deleterious consequences, ranging from autoimmune 
disease to death. We find that repetitive elements present at high frequency in mammalian telomeres, but rare in bacteria, down-regulate 
CpG-induced immune activation. Suppressive activity correlates with the ability of telomeric TTAGGG repeats to form G-tetrads. 
Colocalization of CpG DNA with Toll-like receptor 9 in endosomal vesicles is disrupted by these repetitive elements, although cellular 
binding and uptake remain unchanged. These findings are the first to establish that specific host-derived molecules can down-regulate 
the innate immune response elicited by a TLR ligand. The Journal of Immunology, 2003, 171: 1393-1400. 

Deoxyribonucleic acid has multiple and complex effects 
on the immune system. Bacterial DNA contains immu- 
nostimulatory CpG motifs that trigger B cells, NK cells, 
and dendritic cells to proliferate, mature, and secrete a variety of 
cytokines, chemokines, and/or Ig (1-4). The cellular activation 
elicited by CpG motifs is mediated through Toll-like receptor 9 
(TLR9) 4 (5-7). The resultant innate immune response confers a 
selective advantage to the host by improving resistance to a variety 
of infectious microorganisms (8-10). 

Yet uncontrolled CpG-driven immune activation can cause 
harm by exacerbating inflammatory tissue damage, inducing au- 
toimmune disease, and/or worsening shock-like syndromes (11- 
16). DNA from the host as well as infectious pathogens could 
potentially mediate such adverse events, since unmethylated CpG 
motifs are present in the mammalian genome (albeit at lower fre- 
quency than in bacteria, due to a combination of CpG suppression 
and methylation) (17-19). Recent studies indicate that mammalian 
DNA block, rather than exacerbate, CpG-induced immune stimu- 
lation (20-22). However, neither the sequence motif(s) responsi- 
ble for this effect nor the mechanisms underlying the suppressive 
activity have been firmly established. 

The ends of linear eukaryotic chromosomes are capped by spe- 
cialized DNA-protein structures known as telomeres. In humans 
and mice, telomeres contain large numbers of single-stranded hex- 
anucleotide repeats of the sequence TTAGGG (23, 24). Telomeric 
DNA is involved in a number of biological activities, including 
cell cycle regulation, cellular aging, chromosome movement/lo- 
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calization, and transcriptional regulation of subtelomeric genes 
(25-27). Whereas telomeric G-rich repeats are present at high fre- 
quency in the genomes of eukaryotes, they are extremely rare in 
bacteria (which lack telomeres). 

This study demonstrates that TTAGGG motifs down-regulate 
the response to CpG DNA. Synthetic oligodeoxynucleotides 
(ODN) composed entirely of TTAGGG multtmers reproduce this 
suppressive activity. They block the colocalization of CpG DNA 
with TLR9 within endosomal vesicles. This suppressive activity 
correlates with the ability of TTAGGG motifs to form G-tetrads 
and is abrogated by base substitutions that prevent G-tetrad for- 
mation. These findings represent the first example of a pathogen- 
driven innate immune response being regulated by a defined host 
molecule and indicate that a feedback mechanism exists to limit 
the tissue destruction caused by the innate immune system. 

Materials and Methods 

Reagents 

Endotoxin-free phosphorothioate and phosphodiester ODNs were synthe- 
sized at the CBER core facility. 7-Deaza guanosine (7-DG)-modified 
ODNs were synthesized using the 10-camphorsulfonyl-oxaziridine oxi- 
dization protocol recommended by the manufacturer (Glen Research, Ster- 
ling, VA). Murine genomic DNA from liver and/or spleen was isolated and 
purified using the Wizard Genomic DNA Purification Kit (Promega, Mad- 
ison, WI). Escherichia coli and calf thymus DNA (CT DNA) were ob- 
tained from Sigma-Aldrich (St. Louis, MO). Telomerase knockout mice (al 
generation 4) were produced by Dr. C. Greider (The Johns Hopkins Uni- 
versity, Baltimore, MD) and provided by Dr. K. Hathcock (National Can- 
cer Institute, National Institutes of Health, Bethesda, MD). All DNA ob- 
tained was repurified to eliminate endotoxin (<0.1 U/mg) (28) and was 
made single stranded by heat denaturation at 95°C for 5 min, followed by 
cooling on ice. BAL-31 (New England Biolabs, Beverly, MA) digestion of 
CT DNA was performed at 30°C for 90 min as recommended by the man- 
ufacturer. The enzyme was then inactivated at 65°C for 10 min. A plasmid 
encoding a 1.6-kb TTAGGG repeat was provided by Dr. J. Shay (University 
of Texas, Southwestern Medical Center, Dallas, TX). A plasmid containing 
nontelomeric mammalian DNA (1.2 kb) was provided by Vical (San Diego, 
CA.). Plasmids were amplified and digested with appropriate restriction en- 
donucleases, and the inserts were isolated by separation on a 1% agarose fol- 
lowed by gel extraction. 

Mice 

Specific pathogen-free male BALB/c mice (The Jackson Laboratory. Bar 
Harbor, ME) were housed in sterile microisolator cages in a barrier envi- 
ronment and injected i.p. with 400 jig of CpG ODN plus 200 /xg of sup- 
pressive or control ODN. Spleen cells were harvested 6 h later and mon- 
itored for cytokine production over 36 h. 
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Cytokine and IgM ELISA assays 

Immulon 2 microtiter plates (Dynex Technologies, Chantilly, VA) were 
coated with anti-cytokine or anti-IgM Abs (BD PharMingen, San Diego 
CA) and then blocked with PBS/1 % BSA (2). Serially diluted culture su- 
pernatants were added to these plates for 2 h. Cytokine was detected using 
biotinylated anti-cytokine Ab, followed by phosphatase-streptavidin (BD 
PharMingen), whereas bound IgM was detected using phosphatase-conju- 
gated anti-IgM Abs (Southern Biotechnology Associates, Birmingham, 
AL) as previously described (2). 

Analysis of cell surface molecule expression by FACS 

Spleen cells (2 X lO'Vml) were incubated with ODN for 24 h. Cells were 
washed, fixed with 5% paraformaldehyde for 15 min, and stained with 
PE-labeled anti-CD-40, anti-CD-86, and anti-ICAM-1 (BD PharMingen) 
for 30 min at room temperature. Cells were washed, resuspended in PBS/ 
BSA (supplemented with azide), and analyzed by FACSort (BD Bio- 
sciences, San Jose, CA). 

Cytokine RT-PCR 

Mice were injected with CpG and/or suppressive ODN. Total RNA was 
extracted from the spleens of these mice 6 h later, reverse transcribed, and 
amplified in a standard PCR reaction for 24 cycles using primers specific 
for murine IL-6, IL-12, and IFN-y cDNA as previously described (29). 
PCR-amplified material was separated on 1.5% agarose gels and visualized 
under UV light after ethidium bromide staining (29). 

Confocal microscopy 

HEK 293 cells stably transfected with a hemagglutinin (HA)-tagged human 
TLR9 construct (7) were incubated with Cy3-labeled and unlabeled ODN 
for 10-120 min at 37°C. Cells were washed, fixed, pcrmeabilizcd, and 
stained with FJTC-anti-HA Ab (clone 3F10; Roche, Indianapolis, IN). The 
subcellular localization of Cy3 and FITC signals was analyzed by laser 
scanning microscope (LSM5 Pascal; Carl Zeiss, Thornwood, NY). 

Cell surface binding and internalization of ODN 

Spleen cells (2 X lO'Vml) were incubated with 1 juM unlabeled and/or 
biotinylated ODN for 10 min at 4°C (binding experiments) or for 1 h at 
37°C (uptake experiments). Cells were washed and fixed, and surface- 
bound ODN was stained with PE-sueptavidin. For internalization studies, 
surface-bound ODN was blocked with cold streptavidin. Cells were per- 
meabilized and stained with PE-streptavidin and analyzed by FACSort (BD 
Biosciences). In some experiments the trypan blue quenching method (30) 
was also used to assess internalization. 



Measurement of circular dichroism 

A Jasco J-720A spectropolarimeter was used to measure the circular di- 
chroism of ODN (50 jug/ml in 0.1 X PBS) in a range between 200-300 nm. 
Data are expressed as the mean peak ellipticity (millidegree per absor- 
bance) of 5-10 readings per sample in the 260-270 nm range. 

Statistical analysis 

In vitro assays were performed in triplicate on at least three different spleen 
cell preparations. Statistical significance was evaluated using Student's I 
test. Correlation analysis is computed by linear correlation analysis be- 
tween circular dichroism (CD) data vs percent suppression. 

Results 

Telomeric regions of mammalian DNA suppress CpG-induced 
immune activation 

The ability of bacterial and mammalian DNA to trigger an innate 
immune response was evaluated by monitoring the production of 
IL-12 by murine spleen cells in vitro. As shown in Fig. I, single- 
stranded bacterial DNA and CpG ODN stimulated IL-12 produc- 
tion, whereas single-stranded mammalian DNA suppressed this 
activity (p < 0.01). 

In an effort to identify the sequence motif(s) or structural 
element(s) responsible for the observed suppression, the mam- 
malian DNA was digested with a variety of restriction enzymes. 
Treatment with Bal-31 (which selectively removes bases from 
the telomere-containing ends of the chromosome) (31) signifi- 
cantly reduced suppressive activity (Fig. lb). Nearly 5-fold 
more BAL-31 -digested DNA was required to achieve a 50% 
reduction in CpG-induced cytokine production than native 
DNA (data not shown). 

To pursue this finding, DNA was isolated from plasmids encod- 
ing either telomeric or nontelomeric mammalian DNA. The 1 .6-kb 
fragment of pure telomeric DNA suppressed CpG-induced IL-12 
production significantly more effectively than an equivalent 
amount of nontelomeric DNA (p < 0.01; Fig. 2a). Since some 
suppression was mediated by the nontelomeric fragment, we pos- 
tulated that telomeric DNA accounted for much, but not all, of the 



FIGURE 1. Mammalian DNA suppresses 
CpG DNA induced IL-12 production, a, 
BALB/c spleen cells were incubated in vitro 
for 36 h with 17 ftg of single-stranded calf 
thymus (CT) or bacterial DNA and/or 1 fiM 
CpG ODN (TCAACGTTGA, a sequence 
present in mammalian DNA). b, CT DNA 
was digested with Bal-31 to remove telo- 
meric ends. Spleen cells were then stimu- 
lated in vitro with 5.5 /xg of single-stranded 
bacterial or mammalian DNA and 0.3 juM 
CpG or control ODN. IL-12 levels in culture 
supernatants were measured by ELISA. All 
assays were run in triplicate. The experiment 
was repeated with similar results. *, Signifi- 
candy different from cultures stimulated with 
CpG DNA alone, p< 0.01. 
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suppressive activity of mammalian DNA. To test this hypothesis, 
DNA was purified from normal and generation 4 telomerase-de- 
ficient knockout (KO) mice (telomere length is significantly re- 
duced in the KO animals) (25). Five- to 10-fold more DNA from 
telomerase deficient mice was required to achieve 50% suppres- 
sion than normal DNA (p < 0.01; Fig. 2c). Taken together these 
results indicate that telomeres are responsible for a majority of the 
suppression mediated by mammalian DNA. 

G-tetrad-forming telomeric TTAGGG repeats mediate 
suppression 

Telomeres contain large numbers of highly conserved, single- 
stranded, guanosine-rich hexameric motifs (TTAGGG in mice and 



humans) (27). ODNs were synthesized that contained one or more of 
these motifs. A 6-mer ODN composed of a single TTAGGG did not 
reduce CpG-induced cytokine production (Fig. 3a). However, the 
same motif incorporated into a longer control ODN (>8 bp) was 
suppressive. ODNs containing multiple TTAGGG motifs were even 
more suppressive (Fig. 3a). TTAGGG multimers inhibited a broad 
range of CpG-dependent immune stimulation in a dose-dependent 
fashion, including the up-regulation of costimulatory molecules on 
APCs, lgM production by B cells, and NO release from macrophages 
(p < 0.001; Fig. 3a and Table I). Phosphodiester and phosphorothio- 
ate TTAGGG multimers at equimolar concentrations were equivalent 
in their ability to block CpG-induced immune activation both in cis 
and in trans (i.e., they inhibited the stimulatory activity of CpG motifs 
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FIGURE 2. Telomeres mediate the suppressive activity of mammalian DNA. BALB/c spleen cells were stimulated in vitro for 36 h with CpG ODN (0.3 
IxM) or single-stranded bacterial DNA (5.5 fxg/ml). Data show the change in IL-12 production (monitored by ELISA) associated with the addition of various 
types of DNA to CpG-stimulated cultures. All assays were run in triplicate, and the experiment was repeated with similar results, a, Effect of single-stranded 
telomeric or nontelomeric DNA (5.5 M-g/ml) on IL- 1 2 production, b, The effect of single-stranded DNA from generation 4 telomerase KO or wild-type (WT) 
mice (5.5 jug/ml) was evaluated, c, The suppressive activity of the DNA evaluated in b was monitored over a range of concentrations. *, Significantly 
different from cultures stimulated with CpG DNA alone, p < 0.01. 
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FIGURE 3. Factors contributing to the suppression of CpG-induced immune activation, a, BALB/c spleen cells were stimulated in vitro for 36 h with 
1 fxM CpG ODN and/or 1 u-M suppressive ODN (TTAGGG) 4 . IL-6, IL-12, and IFN-y levels in culture supematants were quantitated by ELISA. 6, For 
studies of the trans effect, spleen cells were stimulated with 1 ixM CpG ODN (TCAACGTTGA) plus 1 u-M of either a control (TCAACCTTCA) or a 
suppressive (TTAGGG) 2 ODN. For studies of the cis effect, single ODNs were synthesized that contained a control (TCAACCTTCA) or suppressive 
(TTAGGG) 2 motif coupled to a stimulatory motif (TCAACGTTGA). c. Tetrad formation was monitored by peak ellipticity of the ODN at 260-270 nm 
(millidegree per absorbance). 7 G represent a 7-DG substitution, d, G-rich (underlined bases), tetrad forming ODNs (I u,M) were coincubated with CpG 
ODN (TCAACGTTGA) or control ODN (TCAACCTTCA), and cytokine levels in culture supematants were quantitated by ELISA. All results represent 
the average of at least two independent experiments performed in triplicate. Studies involving the first two ODNs, shown in d, and various TTAGGG 
multimers show that similar levels of suppression were obtained using either phosphodiester or phosphorothioate ODN. 



located on the same or a different strand of DNA; Fig. 3, b and d, and 
data not shown). 

To identify the bases contributing to this suppressive activity, 
the TTAGGG motif was systematically modified. Substitutions 
outside the telomere-derived region had no effect on suppression 
(data not shown). Replacing the TTA bases also had little effect on 
suppressive activity (Fig. 3c). In contrast, replacing two or more 
G's in the TFAGGG motif significantly reduced the ability of 
ODN to block CpG-induced immune activation (p <0.02; Fig. 
3c). These results suggested that suppression was mediated by ei- 
ther the GGG sequences or the two-dimensional structure they 
conferred on the ODN. 

To differentiate between these alternatives, the G's were re- 
placed with 7-DG base analogs. These 7-DG analogs did not alter 



the base sequence of the ODN, but did prevent Hoogsteen hydro- 
gen bonding between guanosines, thereby inhibiting the formation 
of G-tetrads (32, 33). The resultant loss in tetrad structure is re- 
flected by a decrease in the CD of the molecule (33). ODNs ca- 
pable of forming G-tetrads typically have CD values >2, while 
those without such high order structure have ellipticity values 
<1.4 (Fig. 4). Substituting a 7-DG analog for any of the G's in the 
TTAGGG motif significantly reduced the ability of ODN to form 
a G-tetrad and its ability to mediate suppression (p < 0.001; Figs. 
3c and 4). 

To confirm that G-tetrad formation was critical to suppression, 
ODNs were synthesized that lacked the TTAGGG motif, but still 
formed G-tetrads. These novel ODNs significantly suppressed 
CpG-induced immune stimulation (p < 0.001; Fig. 3d). Consistent 
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Table I. Effect of suppressive ODN on CpG DNA-mediated immune 
activation" 



% Inhibition 





1:3 


Suppressive 
1:1 


CpG ODN Ratio 
3:1 


10:1 


CD40 


21.5 ±2.3 


42.0 ± 5.0 


79.3 ±7.1 


85.2 ± 5.3 


CD86 


28.9 ± 6.3 


36.5 ± 4.1 


52.6 ± 2.3 


66.2 ± 4.6 


ICAM-1 


32.2 ± 2.1 


38.7 ± 5.2 


56.6 ± 4.3 


74.2 ±6.1 


IL-6 


50.2 ± 6.8 


78.4 ± 6.5 


91.5 ±4.6 


97.3 ± 4.2 


IL-10 


48.3 ± 5.6 


72.1 ± 5.5 


95.4 ± 3.1 


96.4 ± 2.5 


IL-12 


59.4 ± 7.2 


83.1 ± 4.9 


90.6 ± 3.1 


95.7 ± 2.9 


IFN7 


41.0 ±2.6 


72.6 ± 4.0 


87.2 ± 3.8 


96.6 ± 2.7 


IgM 


44.0 ± 4.8 


56.3 ± 8.4 


73.5 ± 5.2 


85.0 ± 6.2 


NO 


36.4 ± 3.0 


49.5 ± 6.2 


81.6 ±6.7 


ND 



" Spleen cells were incubated with 0.1-3 uM CpG and/or suppressive ODN. Lev- 
els of CD40, CD86, and ICAM-1 expression (MFI) were determined by FACS after 
24 h. IL-6, IL-10, IL-12, IFN-% and IgM levels in culture supernatants were deter- 
mined by ELISA. The Griess method was used to detect NO in culture supernatants 
after 48 h. % Inhibition was calculated by the formula: (1 - [(activation by CpG 
DNA + suppressive ODN) - (background)/(activation by CpG DNA + control 
ODN) - (background)]) X 100. Suppressive ODN, TTAGGG 4 ; CpG ODN, GCTA- 
GACGTTAGCGT. ND, Not determined. Note that all data points represent statisti- 
cally significant suppression of CpG-induced immune stimulation (p < 0.05). 
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Suppressive ODN down-regulate CpG-induced immune 
activation in vivo 

Unrelieved or overexuberant stimulation of the innate immune sys- 
tem by CpG DNA may cause tissue damage, autoimmune disease, 
or even death (11-13, 34, 35). We postulated that the repetitive 
elements in telomeric DNA might prevent endogenous CpG motifs 
from chronically activating the host's immune system. Studies 
were therefore conducted to examine whether suppressive DNA 
was active in vivo. 

BALB/c mice were injected i.p. with 400 p.g of CpG DNA. 
Consistent with previous reports (2), this CpG DNA systemically 
activated the host's immune system, as manifest by increased cy- 
tokine production (Fig. 5, mRNA or protein level) and MHC class 
II expression (1, 17). When 200 /ag of control ODN was coadminis- 
tered with the CpG DNA, no interference in immune activation was 
observed. In contrast, coadministering 200 of suppressive ODN 
with CpG DNA reduced cytokine levels by >75% and down-regu- 
lated MHC expression by >50% (p < 0.01; Fig. 5, a and b, and data 
not shown). Of note, inhibition was observed when the suppressive 
sequence was expressed on the same or a different fragment of DNA 
carrying the CpG motif (data not shown). 



with results involving TTAGGG multimers, 1) substituting a 7-DG 
in these ODNs abolished both G-tetrad formation and suppressive 
activity, and 2) these ODNs were equally active in phosphodiester 
and phosphorothioate form (data not shown). As shown in Fig. 4, 
there was a consistent correlation between the suppression medi- 
ated by an ODN and its circular dichroism (r = 0.832). 



Suppressive ODN block the colocalization of CpG DNA with 
TLR 9 in endosomal vesicles 

The mechanism by which suppressive ODN inhibit CpG-induced 
immune activation was explored. Suppressive ODN did not 
significantly reduce LPS or mitogen-induced cytokine or Ig 
production (data not shown), demonstrating that they were neither 
toxic nor nonspecifically immunosuppressive. 
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FIGURE 4. ODN tetrad-forming ability correlates with suppressive activity. G-tetrad formation and suppressive activity of multiple ODNs (structures 
from A-L) were monitored. 7 G, 7-DG substitution. Results show the correlation between the percent suppression of CpG-induced cytokine production 
(average suppression of IL-6, IL-12, and IFN-y production in Fig. 3) vs ellipticity. The percent suppression was calculated by the formula: ( I - [(activation 
by CpG DNA + suppressive ODN) - (background)/(activation by CpG DNA + control ODN) - (background)]) X 100. The correlation coefficient was 
determined by linear analysis. 
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FIGURE 5. In vivo effects of suppressive ODN. 
BALB/c mice were injected i.p. with 400 fxg of CpG 
ODN (GCTAGACGTTAGCGT) plus 200 of 
suppressive (TTAGGG)4 or control ODN (GCTA 
GATGTTAGCGT). a, Cytokine mRNA levels were 
monitored by RT-PCR of spleen cells isolated 6 h 
after treatment, b. Spleen cells from treated mice 
were cultured ex vivo for 36 h without further stim- 
ulation. Cytokine levels were quantitated by ELISA. 
Data represent the average ± SD of three mice per 
group, analyzed independently. *, Significantly dif- 
ferent from animals stimulated with CpG DNA plus 
control ODN, p < 0.01. 
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FITC-labeled ODNs were used to monitor the interaction be- 
tween suppressive and CpG DNA. As shown in Fig. 6a, suppres- 
sive ODN did not block the binding or uptake of CpG ODN by 
immune cells. HEK cells were then transfected with a construct 
encoding TLR9 tagged with an HA epitope (TLR9-HA) (29). Cells 
transfected with HA-TLR9 are readily visualized by addition of 
fluorescein-labeled anti-HA Ab (Fig. 6b, green) and respond to 
stimulation by CpG, but not control ODNs (29). Consistent with 
previous reports, Cy3-labeled CpG ODN (red) colocalizes with TLR9 
in endosomal vesicles (yellow), an interaction that triggers an increase 
in both the number and size of these vesicles (Fig. 6, arrows) (29). 
Whereas control ODN had no effect on the interaction between TLR9 
and CpG DNA (Fig. 6d), suppressive ODN blocked both the colo- 
calization of CpG ODN with TLR9 in endosomal vesicles and the 
expected increase in the size and number of such vesicles (Fig. 6e). 

Discussion 

The innate immune response triggered by CpG motifs in bacterial 
DNA can improve host survival following pathogen challenge (9, 
36, 37). Yet unchecked stimulation of the innate immune system 
can cause tissue damage, autoimmune disease, and even death 
(11-13, 34, 35). This work establishes that repetitive telomeric 
motifs can down-regulate CpG-induced immune responses. 
TTAGGG multimers inhibited all forms of CpG-induced immune 
activation, including the stimulation of B lymphocytes, dendritic 
cells, and macrophages (Table I). Moreover, TTAGGG multimers 
were suppressive both in cis and in trans, consistent with an ability 
to inhibit both endogenous and foreign CpG DNA (Fig. 3c). The 
suppressive activity of these TTAGGG motifs correlated with their 
ability to form G-tetrads. 

Several observations support the conclusion that telomeres are 
responsible for much of the suppressive activity of mammalian DNA. 
First, digestion of these telomeres with BAL-3 1 reduced the suppres- 
sive activity of mammalian DNA by 5- to 10-fold (Fig. 1). Second, 
DNA from telomerase KO mice was 1 0-fold less effective at blocking 
CpG-induced immune activation than DNA from normal mice (Fig. 
2). Finally, pure telomeric DNA was significantly more suppressive 
than DNA from a nontelomeric region of the genome (Fig. 2). 

Additional study is needed to establish whether telomeric DNA 
is suppressive under physiologic conditions. Individual mamma- 



lian cells contain > 10,000 phosphodiester TTAGGG elements, 
and some of these exist in single-stranded form (27). Thus, the 
type of TTAGGG multimer found in the current work to mediate 
suppression (Fig. 3) would be present at high local concentrations 
when released following the death of host cells. The observation 
that TTAGGG ODN inhibited immune activation at one-third the 
molar concentration of CpG DNA (Table I) further suggests that 
such suppression is biologically relevant. 

Suppressive activity correlated with the ability of TTAGGG 
motifs to form G-tetrads (Fig. 4). Nucleotide substitutions that in- 
terfered with G-tetrad formation abrogated suppressive activity 
(Fig. 3c). In this context, the frequency of G-tetrad-forming se- 
quences is significantly higher in the genomes of mammals (such 
as mice and humans) than bacteria (such as E. coli, Klebsiella, 
Bacillus subiilis, and Staphylococcus aureus). Indeed, even the 
nontelomeric DNA used in this study had 21 regions containing 
>4 polyG runs (Fig. 2a). 

Mammalian telomeres are not the only sequence motifs with 
suppressive properties. Pisetsky et al. (21) reported that ODNs 
containing long runs of poly(A), T, C, or G can inhibit CpG-de- 
pendent IL-12 production in vitro. However, such motifs are quite 
rare in mammalian DNA. Kreig et al. (38) identified neutralizing 
sequences in adenovirus DNA that reduced the host's ability to 
mount an immune response against virus-infected cells. These neu- 
tralizing sequences are GC rich and tend to contain methylated 
cytosines (21). Our analysis of these motifs indicates that 1) the 
relevant adenoviral sequences form G-tetrads; and 2) the methyl- 
ation status of the cytosines is irrelevant, since cytosines can be 
replaced with thymidines with no loss of suppressive function (Fig. 
3d and data not shown). These findings are consistent with tetrad 
formation, rather than GC sequences or modification of C, being 
critical to suppressive activity. A recent report by Stacey et al. (39) 
also found that G-rich motifs can be suppressive, and that the 
mefhylation status of cytosines is unrelated to suppressive activity. 
Thus, while the present work is not the first to identify motifs that 
can down-regulate CpG-mediated immune activation, it is the first 
to identify the critical element(s) in the mammalian genome re- 
sponsible for such suppression. 

Studies were undertaken to clarify the mechanism by which sup- 
pressive DNA blocked immune activation. Several possibilities 
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FIGURE 6. Effect of suppressive ODN on the uptake and localization of CpG ODN. a, BALB/c spleen cells were incubated with 1 juM CpG ODN 
(GCTAGACGTTAGCGT) labeled with fluorescein (to detect cell surface binding) or biotin (to detect internalization) plus an equal amount of unlabeled 
(TTAGGG) 4 suppressive or conU'ol ODN (GCTAGATGTTAGCGT). The number of cells that bound or internalized CpG ODN was determined by FACS 
analysis. Similar results were obtained using several different CpG, control and suppressive ODN. b-e, HEK 293 cells transfected with TLR9-HA were 
stained with anti-HA-FITC (green, upper panels) and incubated with 1 p.M Cy3-labeled CpG ODN (red, middle panels) for 2 h. The colocalization of TLR9 
and CpG ODN is shown in the lower panels (yellow). The interaction of TLR9 with CpG ODN and the associated increase in the number and size of 
endosomal vesicles (arrows) were reduced by the addition of unlabeled suppressive (e) but not control (d), ODN. 



were eliminated: suppressive ODN were not toxic, they did not 
inhibit mitogen or LPS-induced immune activation, and they did 
not prevent the binding or uptake of CpG DNA by immune cells 
(Fig. 6) (40). Rather, they interfered with the maturation of endo- 
somal vesicles and the colocalization of CpG DNA with TLR9 in 
these vesicles. The ability of suppressive motifs to block this li- 
gand-receptor interaction is consistent with other studies showing 



that very early events in CpG mediated signaling (NF-kB translo- 
cation) are inhibited by suppressive ODN (40, 41). 

The magnitude and duration of adaptive immune responses are 
regulated by both stimulatory and suppressive signals (42, 43). 
Current findings provide evidence that innate immune responses 
may be similarly regulated by host-derived molecules. In vivo, 
suppressive ODN blocked CpG-induced cytokine production by 
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>75% (Fig. 5). It is interesting that unmethylated CpG motifs 
present at high frequency in bacterial, but not mammalian, DNA 
stimulate the innate immune system, whereas telomeric repeats 
present at high frequency in mammalian, but not bacterial, DNA 
down-regulate this response. This raises the intriguing possibility 
that self DNA released by injured cells could down-regulate patho- 
logic CpG-driven immune responses. While considerable addi- 
tional research will be needed to evaluate this model, ongoing 
studies indicate that suppressive DNA can block the development 
of CpG-induced autoimmune disease in animal models (44, 45). 

Acknowledgments 

The authors thank Dr. Garott Christoph for assistance with the CD mea- 
surements, Dr. Shay for providing the telomere coding plasmid, and Drs. 
Hathcock and Greider for the telomerase knockout mice. 

References 

1. Yamamolo, S„ T. Yamamoto, T. Kacoaka, E. Kuramoto. O. Yano, and 
T. Tokunaga. 1992. Unique palindromic sequences in synthetic oligonucleotides 
are required to induce IFN and augment IFN-medialed natural killer activity. 
J. Immunol. 148:4072. 

2. Klinman, D. M„ A. Yi, S. L. Beaucage, J. Conover, and A. M. Krieg. 1996. CpG 
motifs expressed by bacterial DNA rapidly induce lymphocytes to secrete IL-6, 
IL-12 and IFN?. Proc. Natl. Acad. Sci. USA 93:2879. 

3. Sparwasser, T., E. Koch, R. M. Vabulas, K. Heeg, G. B. Lipford, J. W. Ellwart, 
and H. Wager. 1998. Bacterial DNA and immunostimulatory CpG oligonucleo- 
tides trigger maturation and activation of murine dendritic cells. Eur. J. Immunol. 
28:2045. 

4. Krieg, A. M. 2000. The role of CpG motifs in innate immunity. Curr. Opm. 
Immunol. 12:35. 

5. Hemmi, H„ O. Takeuchi, T. Kawai, S. Sato, H. Sanjo, M. Matsumoto, 
K. Hoshino, H. Wagner, K. Takeda, and S. Akira. 2000. A Toll-like receptor 
recognizes bacterial DNA. Nature 408:740. 

6. Bauer, S„ C. J. Kirschning, H. Hacker, V. Redecke, S. Hausmann, S. Akira, 
H. Wagner, and G. B. Lipford. 2001. Human TLR9 confers responsiveness to 
bacterial DNA via species specific CpG motif recognition. Proc. Nail. Acad. Sci. 
USA 98:9237. 

7. Takeshita, F„ C. A. Leifer, I. Gursel, K. Ishii, S. Takeshita, M. Gursel, and 
D. M. Klinman. 2001. Cutting edge: role of toll-like receptor 9 in CpG DNA- 
induced activation of human cells. J. Immunol. 167:3555. 

8. Klinman, D. M„ D. Verthelyi. F. Takeshita, and K. J. Ishii. 1999. Immune rec- 
ognition of foreign DNA: a cure for bioterrorism? Immunity 11:123. 

9. Elkins, K. L„ T. R. Rhinehart-Jones, S. Slibitz, J. S. Conover, and 
D. M. Klinman. 1999. Bacterial DNA containing CpG motifs stimulates lym- 
phocyte-dependent protection of mice against lethal infection with intracellular 
bacteria. J. Immunol. 162:2291. 

10. Walker. P. S., T. Scharton-Kersten, A. M. Krieg, L. Love-Homan, E. D. Rowton, 
M. C. Udey, and J. C. Vogel. 1999. Immunostimulatory oligodeoxynucleolides 
promote protective immunity and provide systemic therapy for leishmaniasis via 
IL-12 and IFN 7 dependent mechanisms. Proc. Natl. Acad. Sci. USA 96:6970. 

11. Gilkeson. G. S., J. P. Grudier, D. G. Karounos. and D. S. Pisetsky. 1989. Induc- 
tion of anti-double stranded DNA antibodies in normal mice by immunization 
with bacterial DNA. J. Immunol. 142:1482. 

12. Sparwasser, T„ T. Meilhke, G. Lipford, K. Borschcrt, H. Hickcr, K. Hccg, and 
H. Wagner. 1997. Bacterial DNA causes septic shock. Nature 386:336. 

13. Pisetsky, D. S. 1997. Immunostimulatory DNA: a clear and present danger? Nat. 
Med. 3:829. 

14. Cowdery, J. S., J. H. Chace, A.-K. Yi, and A. M. Krieg. 1996. Bacterial DNA 
induces NK cells to produce IFN in vivo and increases the toxicity of lipopoly- 
saccharides. J. Immunol. 156:4570. 

15. Segal, B. M., J. T. Chang, and E. M. Shevach. 2000. CpG oligonucleotides are 
potent adjuvants for the activation of autoreactive encephalilogenic T cells in 
vivo. J. Immunol. 164:5683. 

16. Deng, G. M., I. M. Nilsson, M. Verdrengh, L. V. Collins, and A. Tarkowski. 
1999. Inua-articularly localized bacterial DNA containing CpG motifs induces 
arthritis. Nat. Med. 5:702. 

17. Krieg. A. M., A. Yi. S. Malson. T. J. Waldschmidt, G. A. Bishop. R. Teasdale, 
G. A. Koretzky, and D. M. Klinman. 1995. CpG motifs in bacterial DNA digger 
direct B-cell activation. Nature 374:546. 



18. Bird, A. P. 1987. CpG-rich islands and the function of DNA methylation. Trends 
Genet. 3:342. 

19. Razin, A., and J. Friedman. 1981. DNA methylation and its possible biological 
roles. Prog. Nucleic Acid Res. Mol. Biol. 25:33. 

20. Wloch, M. K., S. Pasquini, H. C. Erll, and D. S. Piselsky. 1998. The influence of 
DNA sequence on the immunostimulatory properties of plasmid DNA vectors. 
Hum. Gene Ther. 9:1439. 

21. Pisetsky, D. S., and C. F. Reich. 2000. Inhibition of murine macrophage IL-12 
production by natural and synthetic DNA. Clin. Immunol. 96:198. 

22. Chen, Y., P. Lenert, R. Weeratna, M. McCluskie, T. Wu, H. L. Davis, and 
A. M. Krieg. 2001. Identification of methylated CpG motifs as inhibitors of the 
immune stimulatory CpG motifs. Gene Ther. 8:1024. 

23. de Lange, T., and T. Jacks. 1999. For better or worse? Telomerase inhibition and 
cancer. Cell 98:273. 

24. Blasco, M. A., S. M. Gasser, and Jf. Lingner. 1999. Telomeres and telomerase. 
Genes Dev. 13:2353. 

25. Blasco, M. A., H. W. Lee, M. P. Hande, E. Samper, P. M. Lansdorp, 
R. A. DePinho, and C. W. Greider. 1997. Telomere shortening and tumor for- 
mation by mouse cells lacking telomerase RNA. Cell 91:25. 

26. Rudolph, K. L., S. Chang, H. W. Lee, M. Blasco, G. J. Gottlieb, C. Greider, and 
R. A. DePinho. 1999. Longevity, stress response, and cancer in aging telomerase- 
deficient mice. Cell 96:701. 

27. Zakian, V. A. 1995. Telomeres: beginning to understand the end. Science 270:1601. 

28. Klinman, D. M., M. Takeno, M. Ichino, M. Gu, G. Yamshchikov, G. Mor, and 
J. Conover. 1997. DNA vaccines: safety and efficacy issues. Springer. Semin. 
hnmunopathol. 19:245. 

29. Takeshita, F., K. J. Ishii, A. Ueda, Y. Ishigatsubo, and D. M. Klinman. 2000. 
Positive and negative regulatory elements contribute to CpG ODN mediated reg- 
ulation of human IL-6 gene expression. Eur. J. Immunol. 30:108. 

30. Sahlin, S„ J. Hed, and I. Rundquist. 1983. Differentiation between attached and 
ingested immune complexes by a fluorescence quenching cytofluorometric assay. 
J. Immunol. Methods 60:115. 

31. Moyzis, R. K, J. M. Buckingham, L. S. Cram, M. Dani, L. L. Deaven, 
M. D. Jones, J. Meyne, R. L. Ratliff. and J. R. Wu. 1988. A highly conserved 
repetitive DNA sequence, (TTAGGG)n, present at the telomeres of human chro- 
mosomes. Proc. Natl. Acad. Sci. USA 85:6622. 

32. Han, H., and H. L. Hurley. 2000. G-quadruplex DNA: a potential target for 
anti-cancer drug design. Trends Pharmacol. Sci. 21:136. 

33. Murchie A. I., and D. M. Lilley. J 994. Tetraplex folding of telomere sequences 
and the inclusion of adenine bases. EMBO J. 13:993. 

34. Krieg, A. M. 1995. CpG DNA: a pathogenic factor in systemic lupus erythem- 
atosus? J. Clin. Immunol. 15:284. 

35. Richardson, B., L. Scheinbart, J. Strahlcr, L. Gross, S. Hanash, and M. Johnson. 
1990. Evidence for impaired T cell DNA methylation in SLE and RA. Arthritis 
Rheum. 33:1665. 

36. Krieg, A. M., L. L. Homan, A. K. Yi, and J. T. Harty. 1998. CpG DNA induces 
sustained IL-12 expression in vivo and resistance to Listeria monocytogenes chal- 
lenge. J. Immunol. 161:2428. 

37. Zimmermann, S., O. Egeter, S. Hausmann, G. B. Lipford, M. Rocken, 
H. Wagner, and K. Heeg. 1998. CpG oligodeoxynucleotides trigger protective 
and curative Thl responses in lethal murine leishmaniasis. ./. Immunol. 160:3627. 

38. Krieg, A. M, T. Wu, R. Weeratna, S. M. Efler, L. Love, L. Yang, A. Yi. D. Short, 
and H. L. Davis. 1998. Sequence motifs in adenoviral DNA block immune ac- 
tivation by stimulatory CpG motifs. Proc. Natl. Acad. Sci. USA 95:12631. 

39. Stacey, K. J.. G. R. Young, F. Clark, D. P. Sester, T. L. Roberts, S. Naik, 
M. J. Sweet, and D. A. Hume. 2003. The molecular basis of the lack of immu- 
nostimulatory activity of vertebrate DNA. J. Immunol. 170:3614. 

40. Yamada, H., I. Gursel, F. Takeshita, J. Conover, K. J. Ishii, M. Gursel, 
S. Takeshita, and D. M. Klinman. 2002. Effect of suppressive DNA on CpG- 
induced immune activation. J. Immunol. 169:5590. 

41. Lenert, P., L. Stunz, A. K. Yi, A. M. Krieg, and R. F. Ashman. 2001. CpG stimulation 
of primary mouse B cells is blocked by inhibitory oligodeoxyribonucleoudes at a site 
proximal to NF-kB activation. Antisense Nucleic Acid Drug Dev. 11:247. 

42. Long, E. O. 1 999. Regulation of immune responses through inhibitory receptors. 
Annu. Rev. Immunol. 17:875. 

43. Ravelch, J. V., and L. L. Lanier, 2000. Immune inhibitory receptors. Science 
290:84. 

44. Zeuncr R. A., K. J., Ishii, M. J. Lizak, I. Gursel, H. Yamada. D. M. Klinman, and 
D. Verthelyi. 2002, Reduction of CpG-induced arthritis by suppressive oligode- 
oxynucleotides. Arthritis Rheum. 46:2219. 

45. Zheng, M., D. M. Klinman, M. Gierynska, and B. T. Rouse. 2002. DNA con- 
taining CpG motifs induces angiogenesis. Proc. Natl. Acad. Sci. USA 99:8944. 



